This study aimed to analyze the correlation between the phenotype and genotype of Chinese patients with early-onset lamin A (LMNA)-related muscular dystrophy (MD). The clinical and myopathological data of 21 Chinese pediatric patients with early-onset LMNArelated MD were collected and analyzed. LMNA gene mutation analysis was performed by direct sequencing of genomic DNA. Sublocalization of wild-type and mutant proteins were observed by immunofluorescence using cultured fibroblasts and human embryonic kidney 293 (HEK 293) cell. Seven patients were diagnosed with Emery-Dreifuss muscular dystrophy (EDMD) and 14 were diagnosed with LMNA-associated congenital muscular dystrophy (L-CMD). Four biopsy specimens from the L-CMD cases exhibited inflammatory changes. Abnormal nuclear morphology was observed with both transmission electron microscopy and lamin A/C staining. We identified 10 novel and nine known LMNA gene mutations in the 21 patients. Some mutations (c.91G>A, c.94_96delAAG, c.116A>G, c.745C>T, c.746G>A, and c.1580G>C) were well correlated with EDMD or L-CMD. LMNA-related MD has a common symptom triad of muscle weakness, joint contractures, and cardiac involvement, but the severity of symptoms and disease progression differ greatly. Inflammatory change in biopsied muscle is a characteristic of early-stage L-CMD. Phenotype-genotype analysis determines that some mutations are well correlated with LMNA-related MD.
Introduction
The lamin A (LMNA) gene (OMIM 150330) is located on chromosome 1q21.1-21.3, encompassing 12 exons and encoding A-type lamins that are nuclear envelope intermediate filament proteins on the inner nuclear membrane. Lamins A/C are the major splice products of A-type lamins, providing a nuclear scaffold for protein complexes, maintaining nuclear structure, regulating gene expression, and playing roles in signaling pathways [1] [2] [3] . Mutations in the LMNA gene cause a series of rare and diverse diseases called laminopathies [4] . Among them, autosomal Emery-Dreifuss muscular dystrophy (EDMD, OMIM 181350), LMNA-associated congenital muscular dystrophy (L-CMD, OMIM 613205), limb-girdle muscular dystrophy type 1B (LGMD1B, OMIM 159001) are classified as LMNA-related muscular dystrophies. Although they exhibit common features of muscular dystrophy, their presentation and clinical severity can differ greatly.
The LMNA-related muscular dystrophy with the earliest onset is L-CMD, whose symptoms manifest in the first few months of life or even during the fetal period. Patients with L-CMD can have decreased fetal or newborn movements and significant early delay and/or decline of motor development [5] . They may initially present with proximal limb and cervical-axial muscle weakness, and generalized hypotonia. Strikingly, some present with poor head control, including "dropped head syndrome", due to neck muscle weakness [6] . The progression of L-CMD is the fastest of the LMNA-related muscular dystrophies, and its clinical manifestation is the most serious. Most patients are unable to walk or sit unaided in childhood, and some even require early respiratory or nutritional support, or present with early cardiac disease. EDMD mostly presents in early childhood with a myopathic gait caused by weakness, spinal deformity, and ankle contractures. The clinical triad of EDMD is early contracture of the elbows, Achilles tendons, and neck extensors; slowly progressive muscle wasting and scapuloperoneal weakness; and abnormality of cardiac conduction [7] . By comparison, limb-girdle muscle weakness in patients with LGMD1B begins in childhood, continuing to adulthood. Elbow contracture and restrictive neck flexion are not evident at the early stage; the muscle weakness of LGMD1B is stable, and most patients are able to walk unaided.
While the suggestive clinical features of the disease contribute to the diagnosis, the exact correlation between phenotype and genotype in LMNA-related muscular dystrophy remains unclear, as does the mechanism of specific skeletal muscle involvement in laminopathies. In our study, we analyzed the clinical data and LMNA gene mutations in 21 patients to identify the phenotypic spectrum in the Chinese population and establish correlations between the phenotypes and genotypes.
Patients and Methods

Ethics statement
The study was approved by the Ethics Committee of the Peking University First Hospital. Informed written consent was obtained to participate in the study, as well as publish medical data from controls, in addition to the parents or guardians of the children.
Subjects
Twenty-nine pediatric patients from Peking University First Hospital between 2008 and 2013 were clinically diagnosed LMNA-related muscular dystrophies but 21 were made a genetically definite diagnosis. These 21 cases were recruited retrospectively. The following clinical variables were recorded (Table 1) : age, sex, initial symptoms, motor function, contracture, deformed spine, and cardiac involvement. The routine laboratory tests included an electrocardiogram, electromyogram, serum creatine kinase (CK) level, and cerebral magnetic resonance imaging (MRI).
Muscle biopsy
Open muscle biopsy of the gastrocnemius muscle was carried out on 13 patients, and the fresh frozen muscle specimens were fixed in liquid nitrogen. Frozen sections (8-μm) were processed for conventional histochemical staining. Muscle cell ultrastructure was observed under transmission electron microscopy (JEM-1230; JEOL, Tokyo, Japan).
Mutation screening
Diagnostic testing and the research protocol were reviewed and approved by the Ethics Committee of the Peking University First Hospital (Beijing, China). DNA was extracted from the blood cells of the patients and their parents. The open reading frame and intron/exon boundary of the LMNA gene were PCR-amplified using oligonucleotide primers designed by Primer 5.0 (Premier, Canada). To exclude the possibility that the LMNA gene mutation represented polymorphisms, identical genomic fragments from 100 healthy controls of Chinese ethnic origin were amplified and examined by direct sequencing of the PCR products for the presence of new mutations and by comparing with the available databases, such as 1000 Genomes (http:// www.1000genomes.org). 
RNA extraction and RT-PCR mutation analysis
Total RNA from the peripheral blood leukocytes of patient 13 and his father were purified using TRIzol (Invitrogen, Carlsbad, California, USA). Reverse transcription (RT) was performed using 100 ng total RNA and Moloney murine leukemia virus reverse transcriptase (Invitrogen) according to the manufacturer's instructions. The resulting complementary DNA (cDNA) was amplified using a primer pair (forward, 5 0 -GACCTGGAGGACTCACTGGC-3 0 ;
reverse, 5 0 -CGTGGTGGTGATGGAGCAG-3 0 ) designed to reveal the splicing mutation (c.
IVS8-7_14del). The PCR conditions were 5 min at 95°C; 30 cycles of 95°C for 30 s, 61°C for 20 s, and 72°C for 50 s; followed by a final extension at 72°C for 5 min.
Fibroblast culture and immunofluorescence
Dermal fibroblasts of patient 7 were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal bovine serum (FBS) and 1% penicillin/streptomycin (PS) in 5% CO 2 at 37°C. Fibroblasts (60% confluent) were fixed with 4% paraformaldehyde and permeabilized with 0.25% Triton X-100. After blocking with 10% goat serum for 40 min at room temperature, cells were incubated with lamin A/C mouse monoclonal antibody 
Results
Clinical characteristics of patients
The 21 patients studied comprised 10 boys and 11 girls who were aged between 7 months and 10 years. Patient 1 was Caucasian and the others were Han Chinese. CK levels were mildly to moderately increased from 244 IU/L to 3766 IU/L and did not correlate with the phenotype. The clinical and neuroradiological findings of the patients are listed in Table 1 . Two groups could be distinguished according to the phenotype. 
Group I: L-CMD
Myopathological findings
We performed muscle biopsy on 13 patients. In the L-CMD group, the muscle biopsies of patients 7, 9, 11, and 13 revealed inflammatory cell infiltration. Two biopsy specimens had dystrophic changes accompanied by inflammation. Two biopsy samples had inflammatory myopathy (Fig 1B) , and two had mild myopathic changes (Fig 1C) . The EDMD group had only dystrophic changes, observed as increased variation in fiber size and proliferation of connective tissue. We examined the muscle cell ultrastructure of 11 patients, finding focal or extended filament disruption, indistinct sarcomeres, many vacuoles in the muscle fibers, increased adipose and connective tissue, abnormal nuclear morphology with heterochromatin condensation, focal loss of nuclear membrane, accumulation of mitochondria around the nucleus, nuclear bands, and nucleolar holes (Fig 2) . There was abnormal nuclear morphology in 10 patients.
Mutation analysis
Direct sequencing of PCR-amplified genomic DNA detected 19 mutations in the 21 patients. The diagnosis and mutation of each patient are listed in Table 2 I373N) , and c.1147G>A (p.E383K). To evaluate the c. IVS8-7_14del mutation and confirm its pathogenicity and influence on splicing, we examined the consequences of the mutation at cDNA level in the peripheral blood leukocytes of patient 13 and his unaffected father as a control using RT-PCR and verified a heterozygous exon 9 deletion in patient 13; the deletion was not found in his father. Among the previously reported mutations, only c.1580G>C was found in the father of patient 15, who displayed the same symptoms as his daughter. The other mutations were not found in the parents, indicating that they occurred de novo. All new LMNA mutations were not found in the control population (as well as in the 1000 Genomes database), who did not have any known muscle disease. Novel sequence variants and an illustration of the evolutionary conservation of residues associated with novel missense mutations are shown in Fig 3 .
Immunofluorescence analysis and transfection of HEK 293 cells
Under immunofluorescence, dermal fibroblasts from patient 7, who carries the LMNA R48P/WT mutation, had abnormalities (35/100 diaminophenylindole [DAPI] nuclei) such as nuclei of unequal size and abnormal morphology as compared with control skin fibroblasts (4/100 DAPI nuclei) (Fig 4) . We examined the effect of the four mutations (p.R48P, p.R249W, p. I373V, p.Ile497_Glu536del) on the subcellular localization of lamin A/C after transfection of mutant constructs into HEK 293 cells. Transfection of the wild-type construct resulted in normal lamin A/C localization at the inner nuclear membrane. However, lamin A/C immunoreactivity following transfection of the mutant constructs was abnormally distributed, forming distinct aggregates (Fig 5) .
Discussion
The more recently recognized L-CMD in the Chinese population is rarely reported. However, early diagnosis is greatly important for these patients because of the high rate of morbidity and fatal arrhythmia necessitating proactive cardiac intervention [8] . A clear analysis of the associated clinical features will allow for early clinical recognition and thus genetic diagnosis. This study focused on early-onset LMNA-related muscular dystrophy in Chinese patients. Due to the severity of the disease, the 14 patients in our cohort clinically diagnosed with L-CMD had exhibited motor development retardation since infancy, and 10 of them had dropped head syndrome due to pronounced weakness of the neck muscles. This was accompanied by early involvement of the paraspinal muscles. The maximum motor ability achieved by patients with L-CMD is worse than that of patients with EDMD, and the condition progresses more quickly. The patients diagnosed with EDMD exhibited typical symptoms suggestive of the disease: contracture of the elbows, Achilles tendons, and rigid spine at the early stage; slowly progressive muscle weakness and scapuloperoneal atrophy in early childhood; and early signs of cardiac involvement. With the exception of one inherited dominant heterozygous mutation, all of the mutations identified in our study were de novo heterozygous substitutions, which also acted as dominant mutations. The dominant mutation is consistent with the results reported, but is independent of the disease type or severity. The mutations reported in patients with LMNA-related muscular dystrophy in general are mainly present in exons 1, 4, 6, 7, and 9 of the LMNA gene (http:// www.dmd.nl/). The mutations of the 21 patients in our study were mainly in exons 1, 4, 6, and 9. With the exception of the exon 9 skipping mutation, the mutations were mostly missense or one-amino acid deletions resulting in changes in the coil 1A, coil 2B, and tail (Ig-fold) protein domains. These domains are related to dimerization, structural stability, chromatin binding, and the binding of other interacting proteins such as emerin, retinoblastoma protein, and lamina-associated polypeptide 2α [9] . Thus, changes to these domains are likely to significantly interfere with specific lamin A/C functions and interactions, eventually resulting in disease. Although the pathogenic mechanism of individual mutations in the LMNA gene for pathogenesis in special tissues that account for the side range of LMNA-associated disorders is unknown, some mutations appear well correlated within the same disease. Therefore, analyzing each mutation and its phenotype remains essential for determining the phenotype-genotype relationship.
Mutations such as c.91G>A (patient 1), c.94_96delAAG (patient 2 and 4), c.116A>G (patient 5), c.745C>T (patient 8), c.746G>A (patient 9), c.1580G>C (patient 14), and reported case with the same mutation both had L-CMD and exhibited dropped head syndrome [10] . Patient 1 died at the age of 7 years, but the cause of death remains unknown. The two patients with c.94_96delAAG were diagnosed with L-CMD. Of six reported cases with the same mutation, three each had EDMD and L-CMD (http://www.dmd.nl/). Work on a mouse model of the c.94_96delAAG mutation reported early death resulting from metabolic defects [11] . Metabolic defects have not been reported in human patients; however, patients with this mutation should be monitored for the presence of metabolic disorders. The c.116A>G mutation has been reported in three cases of L-CMD in patients of Caucasian, Arab, and Hispanic descent (http://www.dmd.nl/). Patient 5 in our series, who carried this mutation, was diagnosed with relatively early-onset EDMD, displaying Trendelenburg gait at the age of 2 years, subsequently developing elbow contracture, deformed spine, muscle weakness, and scapuloperoneal atrophy. Due to the limited information in previous reports, we could not determine the exact difference in phenotype for patient 5; we speculate that the variable severity is perhaps related to ethnic background. Both EDMD and L-CMD have been reported in patients with c.116A>G, c.745C>T, and c.746G>A mutations, again suggesting variability of severity due to additional modifying factors. The c.1580G>C mutation has been mainly reported in EDMD (http://www.dmd.nl/). Consistent with this correlation, patient 15 and her father both carry this mutation and both have EDMD. Taken together, the phenotypes of our patients and the previously reported cases with the same mutation indicate that the six previously reported mutations are all related to some form of muscular dystrophy: c.91G>A and c.745C>T are related to L-CMD, c.94_96delAAG and c.116A>G to EDMD and L-CMD, and c.746G>A and c.1580G>C to EDMD. Ten mutations identified in our cohort are novel. Among them, nine were detected in patients with L-CMD. As the number of patients per mutation is limited, phenotype-genotype correlation in our cohort remains tentative. However, some information may be derived from the predicted consequences of the amino acid changes. For example, c.91_93delGAG (p.Glu31-del) in patient 3 with L-CMD results in Glu31 deletion, while a previously reported missense mutation in Glu31 (c.91G>A, p.Glu31Lys) resulted in L-CMD. Also, c.117T>G in patient 6 resulted in L-CMD, while other Asn39 missense mutations reported have all been associated with L-CMD. Therefore, Glu31 and Asn39 may be critical residue mutations that can result in L-CMD. Although mutations of the adjacent residue Leu140 have been reported in EDMD and Werner syndrome, no Leu141 mutations have been reported [12, 13] . It is unclear whether several phenotypes are related to Leu141 alteration. One EDMD case involving a Trp520 mutation has been reported, which is the same as that for patient 14 [14] , suggesting that Trp520 mutations are related to EDMD. It is noteworthy that the mouse model with exon 9 deletion (LMNAΔ9/Δ9) resulted in Hutchinson-Gilford progeria syndrome and telomere and chromatin defects [15] . However, patient 13, who had the exon 9 skipping mutation, only presented Phenotype-Genotype Link in Early-Onset LMNA-Related MD with muscle weakness since infancy and dropped head syndrome. At the age of 2 years, patient 13 does not exhibit any symptoms of progeria, and will need further follow-up. Thus, based on our series and reported cases, there appear to be some phenotype-genotype correlations.
In addition to the presenting symptoms and clinical examination, it may be of particular interest to also include careful consideration of the muscle biopsy findings into the clinical analysis. In our study, inflammatory changes were observed in the biopsy specimens of four patients with L-CMD who carried the c.143G>C, c.745C>T, c.1117A>G, and c.IVS8-7_14del mutations, respectively. In these patients, muscle biopsy was performed when they were aged 16 months, 18 months, 8 months, and 10 months, respectively. A previous report found that histological evidence for inflammation in LMNA-related muscular dystrophy is related to the age at muscle biopsy and is usually seen in biopsies from infants [16] . It was reported that steroid treatment is effective for some patients with LMNA-related muscular dystrophy. 16 Thus, inflammation may play an important role at onset in the pathogenesis of LMNA-related muscular dystrophy [17] . The option of steroid treatment therefore requires further study. However, in the four patients, short courses of steroid treatment (<6 months) did not appear to have an ameliorating effect on the disease. Alterations of nuclear morphology have been observed in patients with LMNA mutations and are believed to reflect one of the pathogenic mechanisms by influencing nuclear functions such as gene transcription [18] . In our study, deformable nuclei were observed in both muscle cells (transmission electron microscopy) and skin fibroblasts (lamin A/C immunofluorescence). In addition, lamin A/C localization in HEK 293 cells transfected with mutant constructs was abnormal, resulting in focal aggregation. These findings suggest that LMNA gene mutations alter lamin A/C distribution, affecting mechanical stability and disrupting nucleocytoskeletal coupling [19] . The resulting abnormal nuclear morphology and altered stiffness lead to muscle cell death and tissue degeneration [20] .
In addition to the progressive motor impairment, patients are at risk for developing subsequent cardiac dysrhythmias and cardiomyopathy, respiratory failure, feeding difficulty, and orthopedic involvement including scoliosis. Cardiac involvement is common and life-threatening. A decrease in blood glutathione in patients with LMNA gene mutations may serve as an early marker of cardiac involvement but has not been systematically studied in early-onset forms [21] . A meta-analysis of 299 patients with LMNA gene mutations found that 92% of patients had cardiac dysrhythmias after the age of 30 years, and there was sudden death in 42% of patients with the neuromuscular phenotype [22] . Therefore, regular cardiac surveillance is necessary for such patients. Respiratory involvement is the second most commonly reported cause of death. In patients with L-CMD, recurrent respiratory infection and respiratory failure are common before patients are 8 years old, and some require noninvasive ventilation [5, 23] . In our study, recurrent respiratory infection before the age of 2 years in three patients. Therefore, it is important to minimize the risk of respiratory infection and respiratory therapy should be administered during intercurrent respiratory infections, and to perform careful respiratory monitoring for timely initiation of respiratory support when needed. In addition to respiratory muscle weakness, spinal deformations such as excessive thoracic lordosis and scoliosis can also contribute to respiratory failure. For that reason, spinal corrective aids should be used when required [22] . Feeding difficulty and weight maintenance also should be addressed [24] .
In summary, early-onset LMNA-related muscular dystrophy is mostly caused by de novo mutations in the LMNA gene. Although there are many laminopathy phenotypes, some mutations appear to have strong phenotype-genotype correlation in LMNA-related muscular dystrophy and would guide further mechanistic studies of the pathogenesis of skeletal-and cardiac muscle-specific involvement in LMNA mutations.
